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T he occurrence of de novo seizures following supratentorial craniotomy for nontraumatic pathology is estimated to be between 15% and 20%, potentially resulting in debilitating medical, neurological, and psychosocial effects. 9 However, the actual risk of de novo seizure following craniotomy (DSC) may vary from 3% to 92% over a 5-year period because of the nature of the underlying disease for which surgery is undertaken. 34 Three similar surveys published in 2003, 2005, and 2016 revealed that approximately 70% of polled neurosurgeons acknowledged routinely administering antiepileptic drugs (AEDs) pre-or postoperatively to prevent seizures following craniotomy. 4, 6, 28 A randomized trial of postcraniotomy seizure revealed that phenytoin did not decrease seizure occurrence and that routine phenytoin administration was associated with significant drug-related morbidity. 35 In 2000, the American Academy of Neurology released a statement against the routine use of AEDs in patients with brain tumor without a seizure history. 11 However, many researchers concluded that these findings did not meet clear clinical decision-making criteria to support AED administration for DSC prevention. 27, 31, 32, 34 In the past, the most commonly used AEDs for prophylaxis against perioperative seizure were phenytoin, carbamazepine, and valproate, 20 which were reported to be ineffective according to the results of a previous meta-analysis. 30 In light of these conflicting studies, older ineffective AEDs have been replaced by newer, more efficacious ones as the preferred prophylactic AEDs for DSC. A recent survey showed that the primary AED for DSC prophylaxis has changed from phenytoin in 2005 to levetiracetam in 2016; levetiracetam was the primary agent used by 85% of AANS/CNS members, with only 14% of them using phenytoin. 6 Although its mechanism of action is still not fully elucidated, levetiracetam appears to be a potent anticonvulsant drug. 17 Levetiracetam has many advantages over classic AEDs; however, limited evidence is available to support levetiracetam's superiority in terms of efficacy.
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The primary aim of the current study was to collate the available evidence on the efficacy and tolerability of levetiracetam monotherapy for DSC and compare it with that of a classic AED, phenytoin. To achieve this, we performed a systematic review of the literature, with a metaanalysis of relevant clinical studies.
Methods

Search Strategy and Selection Criteria
In accordance with the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) guidelines, we performed a meta-analysis of clinical studies that investigated the DSC rate after prophylactic phenytoin or levetiracetam usage. We searched PubMed, Embase, Web of Science, and the Cochrane Database from inception to October 1, 2017, using the terms "levetiracetam" AND "seizure" AND "prophyla*" and their synonyms. There were no language restrictions on study eligibility, and only the largest study was included in the presence of overlapping study populations. In addition, the reference lists of reviews were screened for qualifying studies. Two independent researchers (coauthors on this study) performed separate literature searches. Any discrepancies among reviewers were solved through consensus and discussion with the corresponding author.
Inclusion Criteria, Data Extraction, Endpoints, and Definitions
The goals of the search were to find articles that met the following inclusion criteria: described a group of adult patients (≥ 18 years of age) with no history of seizures who were undergoing craniotomy with prophylactic usage of phenytoin; described another group treated with levetiracetam, which was the main treatment difference between the two groups; and reported the number of patients and number of seizures for each group. Experimental studies, noncomparative studies, and case reports were excluded. We also excluded studies that included patients with brain injury, history of seizure disorders, and no prophylactic usage after craniotomy, as well as those that evaluated other AEDs.
We created a meta-analysis database of the selected studies with the following categories: study author, year of publication, study design, region, the rate of early (≤ 7 days) and late (> 7 days) seizures, patient age, number of seizures, AED used, AED dose, length of follow-up, and any complications related to the use of AEDs. Study quality was determined for controlled observational cohort studies with the risk of bias assessment tool for nonrandomized studies 22 and for randomized controlled trials (RCTs) with the risk of bias tool.
Statistical Analysis
For each study, the number of seizures in patients treated with phenytoin or levetiracetam was identified, and the Peto odds ratio (POR) was calculated. The calculation of relative measures such as risk ratio and odds ratio necessitated the use of additional approaches for the case of zero events. In the case of zero events in one treatment arm, the POR can be calculated without continuity correction, and is currently the relative effect estimation method of choice for binary data with rare events. 3 Heterogeneity was assessed using the Cochrane Q and I 2 statistics. Heterogeneity was considered significant when the p value derived from Cochran Q was < 0.1 or I 2 > 50%. Random-effects models were used depending on study design and the heterogeneity of the studies included. We assessed publication bias by visually inspecting the funnel plots and by calculating the p value (2-sided) for Egger's intercept. We analyzed data using Comprehensive Meta-Analysis software (version 3.3, Biostat, Inc.).
Results
Study Selection
The initial search identified 525 articles, of which 221 duplicated articles were excluded (Fig. 1) . Among the 304 remaining articles, 84 case reports, review articles, letters, or technical notes were excluded. Fifty-six studies that investigated posttraumatic seizure prophylaxis and 13 studies with pediatric patients were also excluded. The remaining 151 studies were subjected to a full-text review and another 144 were excluded. The reasons for exclusion of these studies were previous seizure history (n = 72), no postcraniotomy seizure prophylaxis (n = 53), no information on seizure rate (n = 13), and no description of AED name and number of patients (n = 6). Finally, 7 studies were eligible for the final analysis. Table 1 summarizes the key information extracted from the 7 studies included in this analysis.
The studies by Milligan et al. 20 and Iuchi et al. 13 included some patients with a history of seizures. Because they described the detailed number of patients with and without a history of seizures, we included only those patients who did not have a history of seizures. Studies by Milligan et al. 20 and Fuller et al. 10 included 7 of 237 and 11 of 74 patients with traumatic brain injury, respectively. Although DSC in brain injury could not be delineated clearly, these two studies were included in this meta-analysis because the number of patients was small. The age range of patients in the study by Kern et al. was 8-85 years old, which means that some pediatric patients were enrolled. 15 However, this study was included because both the mean and median age were in the 50s. Other items showed low risk of bias in each included study. For two studies, researchers had received an award or grant from UCB Pharma, which manufactures levetiracetam, but they declared no conflicts of interest for the study.
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Outcome Comparisons
A total of 803 patients in 7 studies was included. The rate of DSC occurrence was 1.26% (4 of 318) in the levetiracetam cohort and 6.60% (32 of 485) in the phenytoin cohort. The POR of all individual studies trended in the same direction, and 4 studies showed significant superiority of levetiracetam (Fig. 2) . A meta-analysis comparing leveti- 
Adverse Drug Reactions
Three studies 10, 12, 13 reported detailed adverse drug reactions (ADRs) and two studies 8, 20 reported only serious ADRs that lead to discontinuation of AEDs. The other two studies reported that there were no serious complications in either group. 14, 15 Overall occurrence of ADR was 34/466 in the phenytoin group and 26/432 in the levetiracetam group (p = 0.44), which demonstrated no statistically significant difference in ADR occurrence. However, the discontinuation rate of AEDs due to ADR was 53/297 in the phenytoin group and 6/196 in the levetiracetam group (POR 0.266, 95% CI 0.137-0.518, p < 0.001), which demonstrated that the phenytoin cohort had a higher incidence of discontinuation of AEDs because of ADRs than the levetiracetam cohort (Fig. 3A) . The detailed ADRs and their occurrence rates are shown in Table 2 and Fig. 3B . ADRs such as cognitive disturbance, thrombophlebitis, irritability, lethargy, tiredness, and asthenia were more frequent in the levetiracetam group, whereas rash, anaphylaxis, arrhythmia, and hyponatremia were more common in the phenytoin group.
Sensitivity Analyses
To determine if an individual study was responsible for the presence or absence of an effect in each of the statistical tests, we performed a series of sensitivity analyses regarding occurrence of seizures. These analyses showed no substantial difference after elimination of each single study (Fig. 4 ). There were insufficient data to perform a meta-analysis of detailed onset time of seizures. The funnel plot suggested an absence of significant publication bias within the studies (Fig. 5) . The Egger test result for the comparison of interventions was 1.36 (p = 0.13) for the intervention comparison. These results indicate that there was not substantial evidence of publication bias in the dataset.
Discussion
Neurosurgeons have long believed that preventing seizures with AEDs (seizure prophylaxis) is effective and necessary, but evidence supporting this practice is sparse and mixed. Our systematic review and meta-analysis provides strong evidence to support levetiracetam prophylaxis in adult patients with no history of seizures. Prophylactic levetiracetam usage for DSC was effective overall, and analysis of disease-specific efficacy revealed that it was beneficial in patients with supratentorial tumors. Discontinuation of phenytoin due to an ADR is much more frequent for phenytoin than levetiracetam. Thus, on the basis of these findings, levetiracetam is superior to phenytoin as a prophylactic AED for DSC with regard to both seizure control and ADR concerns.
A previous meta-analysis by Weston et al. failed to find a significant difference in seizure occurrence. 34 However, our study indicated a significant difference in efficacy between levetiracetam and phenytoin. One presumed reason that the findings of Weston et al. were different from ours is that they included patients with a history of seizures. A previous multivariate analysis revealed that a preoperative history of seizures was a significant risk factor for DSC. Furthermore, neither the tumor type nor the type of surgery influenced seizure activity. 30 Pourzitaki et al. reported a meta-analysis of prophylactic levetiracetam usage in patients with brain tumors; 23 two of four studies included in the analysis investigated epilepsy patients with a his- tory of seizure disorders. Another meta-analysis by Yuan et al. also included studies and patients with and without seizure history. 36 Another probable reason that previous studies failed to show the effectiveness of prophylactic AEDs was that they evaluated the use of phenytoin (a classic AED) for DSC prophylaxis, rather than newer AEDs such as levetiracetam. Some meta-analyses evaluating seizure prophylaxis included studies investigating monotherapy or combination therapy with phenytoin, phenobarbital, and valproic acid, and found no evidence to support DSC prophylaxis with any of these drugs or their combination. 27, 29, 33 Our analysis used stricter inclusion criteria, excluding patients with epilepsy or head trauma, and added three recent direct comparative studies between phenytoin and levetiracetam published in 2015 and 2016. Even in this metaanalysis, a subgroup of cerebral aneurysm did not show a statistically significant difference in seizure prevention. Because only one study dealt with the subgroup, there is a limitation to interpretation and further studies are needed.
All 7 included studies in our analysis demonstrated a tendency of superiority of levetiracetam over phenytoin, and in total they showed statistically significant superiority of levetiracetam as a prophylactic AED for DSC. These results therefore demonstrate that our meta-analytical method is useful and effective. Although overall ADR occurrence was not different between phenytoin and levetiracetam, serious ADRs necessitating discontinuation of the AED were significantly common in phenytoin. However, the data indicate that levetiracetam might induce ADRs such as cognitive or mood dysfunction, and caution is thus necessary in administering levetiracetam to patients with psychological diseases.
Although the mechanism of seizure prevention by levetiracetam is not yet fully understood, levetiracetam is a broad-spectrum AED that is effective against a variety of seizure types. 5 Levetiracetam is a pyrridoline derivative with a very favorable pharmacokinetic profile, exhibiting excellent bioavailability, linear kinetics, minimal plasma protein binding, and quick achievement of steady-state concentrations. 5, 16 Moreover, many studies, including the present one, have reported significantly fewer ADRs in the levetiracetam cohort than in the phenytoin cohort when AED prophylaxis was given for supratentorial surgery. 5, 10, [12] [13] [14] 20, 26 Specific phenytoin and valproate characteristics, including nonlinear pharmacokinetics and alkaline formulation, 18, 19 mandate frequent monitoring, reduce tolerability, and limit the administration rate, thereby increasing the cost of care. 18 In contrast, levetiracetam presents a novel alternative AED with greater potency and a comparatively wide therapeutic window, not requiring slow titration or serological monitoring at standard doses. Because levetiracetam is metabolized mainly in the kidneys, it does not induce or interfere with CYP enzymes, and thus does not interact with chemotherapy. 37 Moreover, levetiracetam enhances p53-mediated inhibition of O 6 -methylguanine-DNA methyltransferase and sensitizes glioblastoma cells to temozolomide; therefore, it is considered the AED of choice in patients with malignant gliomas. 2 Indeed, some investigators have proposed that levetiracetam should be considered a first-line agent in patients with brain tumors. 7, 21 Some limitations of the present study need to be acknowledged and addressed. The first limitation concerns the heterogeneity of the included studies. A few patients with traumatic brain injury were included in this metaanalysis. However, they constituted a very small proportion of the total number of enrolled patients and likely did 
Conclusions
Our results indicate that, in patients with no history of seizures and nontraumatic pathology, levetiracetam is superior to phenytoin for DSC prevention. Levetiracetam is also advantageous in that it is associated with fewer serious ADRs that lead to discontinuation. Further high-quality, well-populated studies that compare levetiracetam with placebo are necessary to provide sufficient evidence for establishing AED guidelines for DSC prophylaxis.
